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Preparation  of  high  quality  GaAs/GaAIAs  Multipie  quantum  wells  (MQW)  grown 
by  Metalorganic  Chemical  Vapor  Deposition  on  GaAs  substrates  and 
measurement  of  nonlinear  saturation  has  been  completed  in  this  18-month 
contract.  The  results  show  material  which  rivals  the  highest  quality  MQW's 
grown  by  any  technique.  Preparation  of  GaAs/GaAIAs  MQW's  on  GaP 
substrates  and  measurement  of  nonlinear  saturation  has  also  been  completed. 
It  was  shown  that  this  material  has  high  cw  saturation  intensity  and,  if  used  in  a 
nonlinear  Fabry-Perot,  would  be  useful  only  in  pulsed  experiments.  The 
material  looks  ideal  for  hybrid  devices,  however. 

Modelling  of  the  nonlinear  Fabry-Perot  based  on  the  experimental 
determination  of  the  saturable  absorption  and  the  corresponding  nonlinear 
refractive  index  has  shown  that  operation  on  reflection,  very  near  the  exciton 
resonance,  will  give  low  threshold  bistability  (<1mW/pixel)  with  very  high  on-off 
ratios  suitable  for  optical  computing  applications. 


GaAs/GaAIAs  Mutiple  Quantum  Wells  Fabricated  by  Metalorganic 
Chemical  Vapor  Deposition  for  use  in  Optical  Signal  Processing 


Introduction 

The  research  carried  out  on  this  contract  had  three  main  goals,  all  of  which 
were  met.  The  first  was  to  prepare  high  quality  mutiple  quantum  wells  (MQW) 
by  metalorganic  chemical  vapor  deposition  (MOCVD)  and  to  measure  the 
nonlinear  refractive  index  in  these  materials.  This  was  done  by  measuring  the 
saturation  in  the  absorption  and  using  Kramers  Kronig  relationships  to 
determine  the  nonlinear  refractive  index. 

The  second  goal  was  to  fabricate  and  test  MQW's  grown  on  transparent 
substrates,  chosen  to  be  GaP.  The  result  of  this  effort  was  single  crystal 
material  with  carrier  lifetimes  short  enough  that  the  saturation  intensity  was 
higher  than  for  MQW’s  fabricated  on  GaAs.  Projections  for  the  use  of  this 
material  are  in  hybrid  devices. 

The  third  goal  was  to  fabricate  distributed  Bragg  reflector  (DBR)  layers  on  a 
substrate  prior  to  the  growth  of  MQW’s.  Such  reflectors  can  provide  nonlinear 
Fabry-Perots  and  (NLFP)  and  devices  which  may  be  used  in  reflection  without 
removing  the  substrate.  High  reflectance  multi-layers  were  successfully  grown 
by  MOCVD. 

This  report  is  divided  in  the  following  sections:  Section  II  contains  the  paper 
which  was  published  in  Applied  Physics  Letters,  describing  the  first 
measurements  of  nonlinear  effects  in  MOCVD-grown  materials.  These  results 
demonstrate  the  lowest  saturation  intensities  reported  by  any  technique. 
Further  documentation  of  various  portions  of  the  work  are  found  in  the  theses  of 
H.  C.  Lee  (PhD)  and  M.  Kawase  (MS). 

Section  III  contains  an  invited  paper  submittted  to  Journal  of  Quantum 
Electronics  discussing  our  experimental  results  and  analysis  of  the  structure 
dependence  of  MQW  nonlinear  optical  properties. 


MQW's  for  Optical  Signal  Processing 
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Section  IV  shows  recent  results  obtained  in  MQW  structures  on  GaP  substrates. 
In  these  we  demonstrate  the  electroabsorption  properties  of  these  structures. 
Also  discussed  is  our  data  on  the  growth  of  high  reflectivity  DBR  reflectors. 

Section  V  contains  discussions  of  our  work  relevant  to  optical  computing 
applications.  In  particular,  we  make  projections  about  the  use  of  NLFP  devices 
in  parallel  digital  systems. 

II.  The  first  demonstration  of  nonlinear  absorption  in  MOCVD  grown 
materials. 

The  following  paper  describes  our  initial  investigations  into  the  controlling 
growth  parameters  for  achieving  strong  excitonic  resonances  and  and  low 
threshold  nonlinear  absorption.  It  was  published  in  Applied  Physics  Letters 
50,1182  (1987). 
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Nonlinear  absorption  in  AIGaAs/GaAs  multiple  quantum  well  structures 
grown  by  metalorganic  chemical  vapor  deposition 
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background  absorption  as  shown  in  Fig.  4.  Further  satura¬ 
tion  is  caused  by  the  effect  of  band  filling  and  requires  much 
higher  excitation  intensities.  The  highest  intensity  data  have 
been  corrected  to  account  for  Fabry- Perot  effects.  The  satu¬ 
ration  intensity  nt  excitonic  absorption  determined  from  the 
data  of  1  ig  4  and  from  a  measurement  ol  the  intensitx  de¬ 
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at  intensities  below  that  required  to  saturate  the  excuon  reso¬ 
nance.  It  should  be  noted  that  the  purity  of  the  tnrnetln  igal- 
lium  source  materia!  also  has  an  impact  on  the  punt\  of  the 
MOW  samples  and  the  presence  of  excitonic  features.  Thus, 
source  punts  will  affect  the  growth  temperature  at  which 
exciton  resonances  can  be  obserxed.  Finally,  nonlinear  ab- 
sorption  with  low  saturation  intensity  has  been  obserx ed  in 
MQW's  grown  by  M<  )C'VD  \  saturation  intensitx  't'254 
W  cur  has  been  measured  in  optimized  materials.  Tins  is 
comparable  to  the  best  reported  values." 
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III.  The  structure  dependence  of  the  nonlinearities  in  AIGaAs/GaAs 
MQW's. 

The  following  paper  has  been  submitted  as  an  invited  contribution  to  the  1988 
Special  Issue  on  the  Physics  of  Quantum  Wells.  The  paper  describes 
measurements  of  absorption  saturation  for  various  well  widths  and  coupled 
with  minority  carrier  lifetime  measurements  allows  one  to  determine  the 
fundamental  properties  of  quantum  wells  that  control  the  saturation  intensity. 
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Abstract 

The  nonlinear  absorption  properties  of  the  excitonic  resonances  associated  with 
multiple  quantum  wells  in  AIGaAs/GaAs  grown  by  metalorganic  chemical  vapor 
deposition  are  reported.  The  dependence  of  the  saturation  properties  on  grow  th 
parameters,  especially  growth  temperature,  and  the  well  width  are  described.  It  is 
found  that  the  minimum  measured  saturation  intensity  for  these  materials  is  of  the 
order  250  W/cm-.  When  corrected  for  lateral  diffusion  effects  and  the  measured 
minority  carrier  lifetime,  the  data  suggest  that  saturation  intensities  as  low  as  2.3 
W/cm-  can  be  achieved  in  this  system.  The  growth  of  MQW  structures  on  transparent 
GaP  substrates  is  demonstrated  and  the  electroabsorption  properties  of  these 
structures  are  reviewed. 


I.  Introduction 


Multiple  quantum  wells  (MQW)  have  become  an  important  class  of  materials 
for  optoelectronic  devices.  In  particular,  a  great  deal  of  work  has  been  devoted 
to  exploring  their  use  as  nonlinear  optical  materials  in  bistable  optical  devices, 
nonlinear  waveguide  switches  and  optoelectronic  electroabsorption  switches. 
The  purpose  of  the  work  reported  in  this  paper  is  to  explore  the  limits  to  the 
utilization  of  MQW" s  in  these  applications  by  determining  the  dependence  of 
the  nonlinear  optical  absorption  on  the  materials  properties  and  the  structural 
design  of  the  quantum  wells.  In  addition,  potential  solutions  to  a  fundamental 
technological  issue  in  AlGaAs/GaAs  MQW  structures  -  the  opacity  of  the 
substrate  to  near  band  edge  radiation  -  are  explored  and  presented. 

The  quantum  confinement  of  electrons  and  holes  in  quantum  wells  gives  rise  to 
an  absorption  spectrum  that  is  fundamentally  different  from  bulk  materials  F 
First,  the  energy  distributions  of  the  conduction  and  valence  band  states  are 
altered  to  a  step-like  distribution  characteristic  of  a  quasi-two-dimensional 
solid.  The  positions  of  these  density  steps  are  associated  with  the  allowed 
energies  of  the  "square  well  potential"  and  are  a  strong  function  of  the 
dimensions  of  the  well  and  the  composition  of  the  barrier.  In  addition,  the 
confinement  increases  the  oscillator  strength  and  the  binding  energy  of  free 
excitons  in  these  layers  resulting  in  strong  excitonic  resonances  at  each  of  he 
steps  in  the  linear  absorption  spectra  of  these  materials  These  resonances  can 
be  saturated  by  optical  excitation  3;  an  effect  hat  has  been  used  to  fabricate 
nonlinear  waveguide  elements  4  and  two  dimensional  bistable  switching 
arrays  5.  The  resonances  have  also  been  observed  to  persist  in  presence  of 
large  electric  fields  applied  perpendicular  to  the  layers  6  and  to  broaden  and 
shift  to  lower  energies  with  increasing  field  strengh.  This  effect  has  been 
called  the  quantum  confined  Stark  effect  (QCSE)  6.  The  QCSE  has  been 
exploited  by  Miller  and  co-workers  7  to  develop  optoelectronic  switches  such 
as  the  self-enhanced  electroptic  device  (SEED).  Application  of  he  switching 
devices  has  been  limited  by  he  excessive  power  requirements  of  he  nonlinear 
optical  devices  55  and  the  complex  processing  required  for  the  optoelectronc 
sw  itches.  In  this  paper  we  will  address  the  minimum  optical  power  required 
for  the  saturation  of  the  absorption  in  quantum  wells  based  on  direct 
measurement  of  the  controlling  properties.  We  will  also  demonstrate  a  new 
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technology  for  the  growth  of  quantum  wells  on  transparent  substrates  that  may 
mediate  the  fabrication  difficulties  inherent  in  optoelectronic  switches. 

The  AlGaAs/GaAs  MQW  materials  used  in  the  studies  presented  here  have 
been  grown  by  metalorganic  chemical  vapor  deposition  (MOCVD)  9.  The 
materials  properties  and  their  dependence  on  the  growth  parameters  will 
hopefully  provide  guidelines  for  the  application  of  this  technolgy  to  the 
fabrication  of  MQW  nonlinear  optical  devices.  The  paper  is  organized  so  that 
the  experimental  methods  of  crystal  growth  and  characterization  are  described 
first  (Section  II).  The  linear  optical  and  optoelectronic  properties  of  the 
materials  structures  are  then  presented  followed  by  the  nonlinear  optical 
characteristics  (Sections  III.  IV,  and  V).  Section  VI  presents  analysis  of  these 
properties  that  allows  the  extraction  of  the  fundamental  factors  controlling  the 
nonlinear  properties  of  these  materials.  Section  VII  describes  alternate 
structures  for  nonlinear  and  optoelectronic  switch  arrays  and  Section  VIII 
summarizes  the  results  and  implications  of  these  studies. 

II.  Experimental  Techniques 

A.  Crystal  Growth 

All  samples  were  grown  by  atmospheric  pressure  MOCVD  10,1 1.  The  reactor 
is  designed  to  minimize  the  interfacial  transition  width  in  the  MQW's  12.  It 
employs  differential  pressure  transducers  in  a  vent/run  configuration  to 
dynamically  balance  the  pressure  and  high  flow  rates  (9  slpm)  to  reduce  the 
gas  retention  time.  Trimethylgallium  and  trimethylaluminum  were  used  for  Ga 
and  A1  sources  respectively.  Arsine  gas  was  purified  by  an  in-line  molecular 
sieve.  The  operation  of  the  manifold  switching  and  critical  flow  rates  are 
computer  controlled.  All  MQW  layers  discussed  in  this  paper  were  nominally 
undoped.  The  samples  grown  for  this  study  were  grown  in  the  temperature 
range  650°C  to  750CC.  The  background  carrier  concentration  in  undoped  GaAs 
is  observed  to  vary  with  source  quality  and  growth  temperature.  This 
parameter  will  be  discussed  later. 

The  typical  sample  employed  for  the  studies  reported  is  as  shown  in  Fig.l.  It 
consists  of  1 .0  -  2.0  pm  of  MQW  material  surrounded  by  thicker  confinement 
layers  of  AIq  i^Gao  6gAs.  The  growth  is  initiated  by  the  growth  of  a  thin 
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;  i ;  :  ■  ■ ' . \ .  Gu.W  laser  followed  by  a  0.5  (.im  AlGaAs  laser  with  high  A! 
c. aarosaa 'U  to  act  as  an  etch  stop  laser  for  substrate  removal.  The  substrate 
ss as  ri-tspe  (  lo'h  oriented  horizontal  Bridgeman  -  grown  GaAs.  The  MQW 
material  consisted  of  enough  periods  of  the  alternating  structure  to  yield  0.59  - 
0.54  urn  of  GaAs  quantum  wells.  'Hie  spacer  lasers  were  100A  in  thickeness 
for  ail  but  tire  5<b\  wells.  In  this  case  the  barrier  thickness  was  150A  to 
minimize  svase  function  overlap  due  to  tunneling  between  the  wells.  Tne 
barrier  lasers  were  .\1( i  spCda. ) /vs As.  Ihe  top  and  bottom  confinement  layers  of 

structures  used  for  electroabsorption  modulators  were  doped  p-type  with 
diethvlzinc  and  n-t\pe  with  disilane,  respectively.  Samples  grown  on 
transparent  GaP  substrates  utilized  a  2. 0-5.0  pm  thic1'  GaAsq  gPp  a 
intermediate  buffer  lay er  to  reduce  strain  and  dislocation  density  in  the 
transition  between  the  substrate  and  the  MQW  layers  l-\  'Hie  GaP  substrates 
used  w  ere  <  1 00)  oriented  and  Czochralski-grown. 

B.  Optical  Sample  Preparation 

Samples  were  typically  used  as-grown  for  CW  and  transient 
photoluminescence  studies.  Linear  and  nonlinear  absorption  measurements 
were  performed  after  antireflection  coating  of  the  top  surface  and  removal  of 
the  substrate  using  mechanical  polishing,  calibrated  bulk  etching  and  a  selective 
GaAs  etch  ia.  'Ihe  samples  were  mounted  on  glass  in  a  strain  free  manner  with 
transparent  adhesives.  An  antireflection  coating  was  applied  to  the  back 
surface.  A  single  surface  reflectivity  of  0.08  was  measured  on  these  samples. 

C.  CW  and  Transient  Photoluminescence  Characterization 

'Ihe  photoluminescence  (PL.)  characteristics  of  he  quantum  well  samples  were 
measured  at  room  temperature  under  low  level  CW  conditions  by  exciting  the 

_  o 

samples  with  the  5145  A  line  of  an  argon  ion  laser.  Ihe  power  density  was 
kept  low  enough  (~10  mW/cin-)  to  avoid  heating.  Ihe  light  was  dispersed  by 
a  one  meter  monochromator  and  detected  using  phase  sensitive  techniques  w  ith 
an  S- 1  photomultiplier. 

The  transient  PI.  measurements  were  performed  by  exciting  the  sample  with 
the  output  of  a  pulsed  commercial  AlGaAs'GaAs  QW  laser  array.  A  pulser 
with  a  1  nsec  tab  time  was  used  to  achieve  a  light  pulse  w  ith  a  fall  time  of  2-5 
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nsec.  The  wavelength  of  the  laser  was  7800A  and  its  output  power  was 
variable  up  to  1W  peak.  The  light  from  the  sample  was  dispersed  by  a  one 
meter  monochronomator  and  was  detected  using  photon  counting  techniques 
with  a  GaAs  photocathode  photomultiplier.  The  transient  response  of  the 
luminescence  was  measured  by  the  delayed  coincidence  technique  15.  The  total 
system  response  time  was  limited  by  the  laser  fall  time. 

D.  Linear  and  Nonlinear  Absorption  Measurements 

The  low  level  absorption  properties  of  the  MQW  samples  were  measured  in 
transmission  with  a  commercial  UV-VIS  spectrometer  or  with  the  attenuated 
output  of  a  CW  dye  laser.  In  the  latter  case  care  was  taken  to  insure  that  the 
excitation  level  was  low  enough  to  avoid  the  nonlinear  absorption  regime. 

The  nonlinear  absorption  properties  of  the  MQW  materials  were  measured  by 
using  an  argon  ion  laser-pumped  styrl-9  CW  dye  laser.  The  output  power  of 
the  laser  was  attenuated  by  the  use  of  an  acousto-optic  modulator.  The  first 
order  diffracted  beam  was  selected  with  an  aperature.  This  system  provided  a 
2000:1  dynamic  range.  The  modulator  output  was  pulsed  with  a  2  usee 
duration  for  high  level  excitation  or  a  200  psec  duration  for  low  level 
excitation.  The  repetition  period  was  chosen  to  be  10  msec.  The  incident, 
reflected  and  transmitted  beams  were  measured  with  calibrated  photodiodes 
through  the  use  of  a  beam  splitter  assembly  and  suitable  neutral  density  filters. 
The  spot  was  focussed  to  an  area  of  a  few  hundred  square  microns  by  a  long 
working  distance  lens  assembly. 

III.  Linear  Optical  Properties 

Early  studies  indicated  that  the  major  growth  parameter  controlling  the 
nonlinear  optical  properties  of  MQW's  grown  by  MOCVD  was  growth 
temperature  16.  The  dependence  of  the  nonlinear  absorption  properties  on  the 
quantum  well  width  is  also  of  importance  as  a  fundamental  issue.  In  addition, 
this  variation  may  depend  upon  the  growth  process  and  was.  in  any  case, 
unknown.  As  a  result,  a  study  to  measure  the  variation  of  relevant  properties  as 
a  function  of  both  parameters  was  undertaken.  In  Fig. 2  we  show  the 
dependence  on  growth  temperature  of  the  room  temperature  PL  of  three 
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samples  with  100 A  quantum  wells  grown  at  various  temperatures  ranging  from 
650CC  to  750CC.  The  structural  and  electrical  characteristics  of  these  samples 
are  listed  in  Table  1.  The  key  points  to  be  made  are  that  the  PL  spectra  of  all 
samples  shows  the  presence  of  the  lowest  energy  (n=l)  confined  state 
transitions  terminating  in  the  heavy  hole  (hh)  and  light  hole  (Ih)  valence  band 
states  and  that  the  width  of  the  spectra  increases  slightly  with  increasing 
growth  temperature.  The  increasing  spectral  width  reflects,  we  believe,  the 
increased  concentration  of  free  carriers  in  the  well  owing  to  an  increase  in  the 
background  carrier  concentration  with  increased  growth  temperature.  This 
trend  is  consistent  with  the  electrical  properties  of  bulk  GaAs  samples  grown 
under  same  conditions  as  shown  in  Table  I  I7.  This  is  further  supported  by  the 
fact  that  the  linewidth  of  the  high  purity  samples  increases  by  several  meV  at 
higher  excitation  levels  and  thus  higher  carrier  concentrations. 

The  absorption  properties  of  samples  grown  at  various  temperature  also  show 
tire  effect  of  increasing  impurity  concentration  at  higher  growth  temperatures  as 
shown  in  the  low  resolution  spectra  of  Fig.  3.  lire  sample  growm  at  650CC 
exhibits  a  well  defined  excitonic  resonance  characteristic  of  MQW's  while  the 
resonance  for  the  sample  grown  at  700~C  is  somewhat  broadened  and  reduced 
in  amplitude,  lire  third  sample  showm  was  grown  at  750°C  with  an  impure  Ga 
source.  It  has  relatively  high  background  carrier  concentration  and  exhibits  no 
excitonic  absorption  resonance. 

The  PL  properties  of  samples  grown  at  700°C  with  various  quantum  well 
w  idths  are  shown  in  Fig  4.  The  properties  of  the  samples  are  shown  in  Table 

o  o 

2.  The  wells  range  from  54A  to  193A  in  width  as  judged  by  the  peak  position 
of  the  n=l,  hh  PL  transition  and  the  energy  differences  between  the  other 
transitions.  In  the  narrow  wells,  the  light  and  heavy  hole  transitions  are  well 
resolved  owing  to  the  larger  energy  separation  of  the  terminal  states.  The 
spectra  of  the  thicker  wells  show  peaks  due  to  transitions  from  the  n=2  and 
n=3  electron  states.  The  occupation  of  these  states  is  made  possible  by  the 
decreased  separation  from  the  n=l  state  as  the  well  width  is  increased. 

The  room  temperature  linear  absorption  spectra  of  the  same  samples  is  shown 
in  Fig. 5.  Note  the  step-like  nature  of  the  absorption  and  the  presence  of 
resonances  associated  with  the  n=l  transitions.  Both  of  these  features  are 
Nonlinear  Absorption  of  MQW's  Lee ,  et.  al. 
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unique  to  these  quasi  two  dimensional  systems.  Note  that  the  spectral  width  of 
the  transmission  spectra  is  comparable  to  the  PL  spectral  width  in  these 
samples.  Because  the  PL  laser  excitation  hardly  penetrates  the  top  cladding 
layer  we  expect  that  only  the  first  few  wells  are  excited  by  the  carriers  that 
diffuse  from  the  cladding  layer.  The  close  correspondence  between  the 
emission  and  absorption  linewidths  suggests  that  the  well  width  is  extremely 
uniform  from  well  to  well  through  the  samples. 

IV.  Minority  Carrier  Lifetime 

The  minority  carrier  lifetime  of  quantum  well  samples  was  measured  by 
monitoring  the  PL  decay  time  under  the  pulsed  excitation.  For  optical 
transitions  involving  free  carriers  or  weakly  bound  excitations  such  as  free 
excitons.  the  PL  decay  time  accurately  reflects  the  minority  carrier  lifetime.  We 
have  chosen  to  use  photon  energies  in  the  excitation  that  are  directly  absorbed 
by  the  quantum  well  layers  to  avoid  possible  ambiguities  involving  nonunifrom 
excitation  or  carrier  capture  by  the  wells.  The  PL  time  decays  of  three 
previously  discussed  samples  grown  at  various  temperatures  are  shown  in  Fig. 
6.  The  measurements  were  performed  at  the  highest  excitation  intensity 
allowed  by  experimental  conditions  (  =  50  W/cm^  )  to  simulate  as  close  as 
possible  the  high  level  conditions  involved  in  absorption  saturation.  This  limit 
was  set  by  the  power  of  the  laser  and  the  need  to  maintain  a  spot  size  large 
enough  to  avoid  any  lateral  diffusion  effects  on  the  measurement.  The  time 
decay  of  each  of  the  samples  contains  a  dominant  component  that  is 
exponential  over  2-3  orders  of  magnitude.  This  component  of  the  decay  time 
also  increases  with  increasing  growth  temperature.  This  is  consistent  with  the 
trend  observed  in  the  PL  efficiency.  The  samples  grown  at  the  higher 
temperatures  exhibit  an  initial  decay  that  is  somewhat  shorter  than  the 
dominant  decay  mode  and  a  transition  to  a  shorter  decay  at  longer  times.  The 
latter  effect  is  the  result  of  emptying  of  saturated  recombination  centers  in  the 
material  at  longer  times,  which  increases  the  rate  of  minority  carrier 
recombination.  We  have  studied  these  effects  in  detail  and  will  report  them  in  a 
separate  publication.  We  have  observed,  however,  that  samples  with  longer 
minoritv  carrier  lifetimes  at  low  levels  exhibit  strong  increases  in  the  lifetime 
with  excitation,  presumably  because  there  are  fewer  recombination  centers  in 
the  material  and  they  are  more  easily  saturated  as  a  result.  The  shorter  initial 
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decay  component  in  the  samples  with  long  minority  carrier  lifetimes  is  the 
result  of  the  short  pulse  excitation  used  in  these  experiments  .  It  may  be 
regarded  as  the  time  for  the  carriers  to  establish  steady  state  conditions. 


Table  3  lists  the  PL  decay  times  of  the  absorption  samples  with  different  well 
widths.  The  decay  time  is  observed  to  decrease  with  decreasing  well  width. 
The  longest  decay  times  we  have  observed  exceed  1  |isec.  This,  we  believe,  is 

a  reflection  of  the  high  quality  of  our  samples.  The  dependence  of  lifetime  on 
the  well  width  reflects  increased  penetration  of  the  electron  and  hole  wave 
function  into  the  lower  quality  barrier  layers  where  the  nonradiative 
recombination  rate  is  higher.  This  observation  is  consistent  with  the  data  of 
Fig.  6  because  the  dominant  effect  of  growth  temperature  on  the  PL  efficiency 
is  to  improve  the  quality'  of  the  AlGaAs  barrier  layers. 

V.  Nonlinear  Absorption  Properties 


The  transmission  spectra  of  all  samples  exhibit  Fabry-Perot  resonance  peaks 
due  to  the  residual  reflectivity  of  the  front  and  back  surfaces.  In  Fig  7  a  we 
show  the  transmission  spectra  of  the  sample  with  the  72A  well  width.  The  low 
intensity  spectrum  shows  transmission  minima  at  829  nm  and  837  nm  that 
correspond  to  the  n=l  light  and  heavy  hole  absorption  resonances.  The  local 
minima  at  822  nm  and  855  nm  correspond  to  destructive  interference  of  the 
reflections  from  the  front  and  back  surfaces.  In  all  cases  the  wavelength 
separation  of  these  resonances  agreed  with  the  expected  separation  based  upon 
the  known  thickness  of  the  samples.  These  minima  must  be  treated  to 
accurately  determine  the  absorption  coefficient.  The  Fabry  -  Perot  resonances 
were  removed  from  the  spectra  by  analyzing  the  spectra  according  to  the 
following  relationship: 


(1-Rf )  (1-Rb)  e-«L 
(1-Reff)2 


1+  F  sin^  (5/2) 


where  Rf  and  Rb  tire  the  front  and  back  surface  reflectivities,  respectively,  a  is 
the  absorption  coefficient,  L  is  the  integrated  quantum  well  thickness, 


Nonlinear  Absorption  of  MQW’s 


Lee,  et.  al. 


9 


I 

5 

•.V 


K 


i 

> 

k 


% 


m\ 
*  % 


Rcff  =  e'aL  (Rf  Rb)1- -  is  the  effective  mean  reflectance,  F  =  4  R^ff  /  (1-R^ff)-  is 
the  finesse  and  5  is  the  wavelength  dependent  phase  that  depends  on  tire  optical 

length  in  the  cavity.  The  absorption  coefficient  can  be  determined  from  (1)  and 
die  experimental  data  .  We  used  Rf  =  0.08  and  Rb  =  0.1.  8(A.)  was  determined 
from  the  resonances  in  the  spectra  at  high  excitation.  Fig. 7b  shows  the 
absorption  spectra  of  this  sample  at  several  intensities.  Note  that  the  Fabry  - 
Perot  effects  have  been  completely  removed  from  the  spectra. 

The  light  and  heavy  hole  excitonic  resonances  in  the  absorption  spectra  of  Fig. 
7  are  saturable  at  moderate  intensities.  In  Fig.  8a  we  show'  the  excitation 
dependence  of  the  absorption  coefficient  of  sample  V158.  Note  that  the  heavy- 
hole  exciton  resonance  decreases  in  amplitude  at  a  rather  modest  input 
intensity.  It  also  decreases  more  rapidly  with  excitation  than  the  light  hole 
resonance  or  the  continuum.  We  have  reported  a  saturation  intenrw  of  250 
W  cm-  for  this  sample  which  is  the  lowest  reporteu  -alue  for  the 
AlGaAs  GaAs  materials  system-.  At  752  W/cm-  no  well  resolved  exciton 
resonances  are  discernible  in  the  spectrum  of  Fig.  8.  The  continuum  spectrum 
is  saturated  at  7520  W/cm—  The  excitation  dependence  of  the  peak  absorption 
feature  at  about  S500A  is  shown  in  Fig  Sb.  As  will  be  described  in  the  next 
section,  the  saturation  behavior  can  be  described  by  two  separate  mechanisms 
3  that  are  due  to  the  exciton  bleaching  and  to  bandfilling  of  the  continuum 
states  1S.  The  excitation  behavior  of  these  two  mechanisms  are  indicated  by  the 
solid  curves  below  the  data.  The  solid  line  through  the  data  is  the  sum  of  these 
two  mechanisms.  The  saturation  intensity  of  sample  VI 36  grown  at  the  the 
highest  temperature  (750CC)  was  comparable  to  the  band  to  band  saturation 
intensity  of  sample  V158.  This  is  to  be  expected  since  the  high  carrier 
concentration  in  sample  VI 36  resulted  in  screening  of  the  exciton  resonance. 

The  dependence  of  the  n=l  heavy  hole  excitonic  absorption  coefficient  under 
resonant  excitation  for  the  MQW  samples  with  different  well  widths  is  shown 
in  Fig.  9.  The  saturation  mechanism  in  each  case  can  described  by  a  two 
component  saturation  similar  to  the  data  of  Fig.  8.  Tne  magnitude  of  the 
absorption  attributed  to  the  excitonic  resonance  is  observed  to  decrease  with 
increasing  well  width.  The  background  continuum  absorption  is  observed  to 
decrease  somewhat  more  slowly  than  the  excitonic  component  with  increasing 
well  width.  These  trends  are  the  result  of  the  decreasing  densitv  of  available 
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band  edge  states  associated  with  the  first  allowed  level  and  the  decreased 
binding  energy  of  the  exciton  as  the  well  width  is  increased.  The  measured 
saturation  intensity  for  the  excitonic  and  background  component  is  listed  in 
Table  3.  Proper  interpretation  of  these  measurements  must  take  into  account 
the  minority  carrier  lifetime  of  the  samples.  This  will  be  addressed  in  the  next 
section. 

The  measured  saturation  behavior  of  the  light  hole  resonance  and  the  higher 
energy  (Ehh  +5' 0  meV)  continuum  band  edge  states  for  the  sample  with  54  A 

wells  is  shown  in  Fig.  10  a&b.  A  two  component  saturation  is  seen  for  the  light 
hole  resonance  whereas  the  continuum  band  edge  absorption  showed  onlv  one 
component  as  expected.  This  behavior  is  observed  for  die  Ilk  and  1 02 A  well 
samples  but  tine  light  hole  resonance  could  not  be  resolved  for  samples  with 
thicker  wells.  The  saturation  intensities  for  the  resolvable  light  hole  resonances 
and  the  band  to  band  transitions  are  shown  in  Table  3.  The  saturation  intensity 
of  the  light  hole  resonance  is  uniformly  higher  than  the  heavy  hole  saturation 
intensity.  This  is  to  be  expected  from  the  ratio  of  the  effective  masses. 

VI.  Analysis  of  Nonlinear  Absorption  Properties 
Saturation  Intensity 

The  mechanism  for  saturation  of  the  excitonic  absorption  features  in  multiple 
quantum  wells  has  been  studied  in  some  detail.  Resonant  excitation  with 
picosecond  pulses  has  conclusively  shown  that  the  exciton  formed  in  the 
absorption  process  is  thermalized  in  a  few  hundred  femtoseconds  leading  to 
the  formation  of  free  electrons  and  holes  I9.  The  reduction  in  oscillator 
strength  then  results  from  the  interaction  of  these  free  carriers  with  free  exciton 
states.  The  primary  interactions  responsible  for  bleaching  of  the  excitonic 
resonance  are  thought  to  be  screening  of  the  Coulombic  interaction  and  phase 
space  filling  The  continuum  states  that  overlap  the  exciton  resonances  are 
saturated  by  band  filing  of  the  available  continuum  states  .  To  properly 
interpret  and  analyze  the  data  shown  in  previous  section  we  adopt  a 
phenomonological  model  for  these  mechanisms  proposed  by  Chcmla  and  co¬ 
workers  20.  The  dependence  of  the  absorption  coefficient  upon  excitation  is 
expressed  as  : 
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where  ct^xc  is  the  low  intensity  value  of  the  absorption  coefficient  and  Is  is  the 

intensity  at  which  the  absorption  coefficient  is  reduced  by  half,  the  saturation 
intensity,  given  by: 


ls  =  ho  /  (  2  Lz  o£xc  X  Ax).  (3) 

In  (3).  Lz  is  the  well  width.  T  is  the  minority  carrier  lifetime,  and  Ax  is  the 

effective  area  of  the  exciton.  Note  that  the  saturation  intensity  decreases  with 
increasing  well  width  and  minority  carrier  lifetime.  The  exciton  area  has  been 
calculated  to  be  a  function  of  the  well  width  21 .  We  will  compare  the  value 
determined  from  our  measurements  with  the  theory. 

Since  continuum  absorption  also  contributes  to  the  absorption  measured  at  the 
exciton  resonance,  the  total  absorption  is  the  sum  of  two  components  both  of 
which  we  model  with  a  functional  form  similar  to  (1). 

o  o 

«cxc  Ocon 

au,t  =  1  +  (I  7  is  1 )  +  1  +  (I  /  IS2)  (4) 

o 

1  he  background  continuum  absorption,  aCon-  is  a  function  of  carrier 

concentration  and  crystalline  perfection.  In  addition,  there  may  be  an 
unsaturable  background  absorption  detrimental  to  device  operation.  In  most 
instances  that  we  have  examined  Isi<<  Is2-  allowing  us  to  determine  them 
from  the  limiting  behavior  of  the  absorption  coefficient.  In  the  intensity  range 
wher  I  :»  Isi  the  effective  absorbance  is  given  by  the  second  term  of  (4).  then 

O 

«0  ,n  and  Is2  can  be  determined  from  the  slope  and  intercept  of  a  plot  of  1  /  cr.tot 

as  a  function  of  I  as  shown  in  f  ig.  1  la  for  the  sample  with  1 0 2 A  quantum 
wells. 
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In  the  low  imensit \  range  Is;  S'  1  •  ls),  the  absorption  coefficient  can  be 

represented  b>  the  first  term  of  (4)  plus  an  intensity  independent  continuum. 
1 )  o  o 

Then  a  plot  of  1  t<P:;  -  (\on)  versus  I  siekis  the  values  of  a<xc  and  bp 
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I  ig.  1  i  b  shows  this  anal \ ms  for  the  sample  of  Fig.  1  1  a.  We  have  employed 
tiiis  anal) sis  to  determine  the  saturation  intensities  and  low  intensity  absorption 
coeiticiems  for  the  exciton  and  continuum  absorption.  These  values  are  listed 
m  Table  3.  These  same  values  were  used  to  calculate  the  thcoreciical  curves  of 
tire  excitation  dependent  absorption  coefficient  for  the  samples  of  Fig.  9.  The 
excellent  agreement  between  experiment  and  data  exhibited  in  this  figure 
provides  ample  justification  for  the  procedure  used  and  the  empirical  saturation 
formula  uiven  bv  (4). 


A  similar  procedure  was  used  to  calculate  the  saturation  intensities  and  peak 
absorptions  for  the  light  hole  exciton  resonance  and  the  higher  energy 
continuum  states.  In  the  latter  case  there  was  often  some  residual  excitonic 
absorption  present  due  to  the  continuum  states  of  the  exciton.  These  values  are 
also  listed  in  Table  3. 


The  peak  absorption  coefficient  for  the  n=l  heavy  hole  exciton  resonance  is 
plotted  as  a  function  of  the  well  width  in  Fig.  12.  Note  that  the  peak  absorption 
increases  monotonicallv  with  decreasing  well  width.  'Phis  is  to  be  expected 
since  the  exciton  binding  energy  increases  with  decreasing  well  width.  The 
background  continuum  absorption  at  the  exciton  resonance  also  increases  w  ith 
decreasing  well  width.  Since  the  density  of  continuum  band  edge  states 
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increases  as  the  well  width  decreases,  we  would  expect  that  any  band  tails 
associated  with  these  states  would  also  increase.  However,  this  component  is 
found  to  be  more  erratic  and  its  variation  may  reflect  a  varying  perfection  of  the 
samples  used  in  this  study. 


Minoritv  Carrier 


The  minoritv  carrier  lifetime,  x,  controls  the  concentration  of  free  carriers  that 


are  present  at  a  given  excitation.  The  denisty  of  free  carriers  in  a  uniformly 
excited  materials  is  pa  prtional  to  lx  and  the  lateral  diffusion  in  a  locally  excited 
material  is  controlled  by  the  diffusion  length,  L  =  (D  x)^-.  The  saturation 


mechanisms  of  interest  in  this  work  are  dependent  upon  the  concentration  of 
free  carriers.  As  a  result  it  is  of  interest  to  understand  the  dependence  of  x  upon 


excitation  and  the  structural  properties  of  the  MQW  materials.  We  construct 
here  a  simplified  model  for  the  minority  carrier  lifetime  that  includes  both 
radiative  and  saturable  non-radiative  processes  to  assess  the  effects  of 
excitation  on  An,  the  excess  free  carrier  concentration. 


We  consider  steady  state  conditions  to  coincide  with  the  quasi-CW  excitation 
used  in  our  saturation  experiments.  The  relevant  kinetic  equations  for  the  free 
electron  concentration  and  the  saturable  non-radiative  processes  have  been 
solved  to  yield  tire  following  relationship  for  the  minority  carrier  lifetime: 


1  .  1  .  1  1 

—  Bp  "i"  “f"  “ 

^  ^ns  Tc  1  +  (On  An)  /  (Op  p) 


The  first  term  is  the  raditive  lifetime,  where  B  is  the  radiative  coeffecient  and  p 
is  the  free  hole  concentration.  The  second  term  is  the  non-saturable  non- 
radiative  lifetime  due  to  deep  recombination  centers.  The  final  term  is  a 
saturable  nonradiative  lifetime  due  to  recombination  centers  that  can  be  filled  by 
capturing  excess  electrons  (i.e.  On  »  Op)  where  the  o's  are  the  capture  cross 
sections  for  electrons  and  holes.  This  equation  has  been  written  assuming  that 
electrons  are  the  minority  carriers.  An  analogous  equation  for  holes  could  be 
written  in  the  case  electrons  are  the  majority  carriers  by  reversing  the  n  an  p. 
For  lightly  doped  samples  as  we  have  here,  the  radiative  term  is  usually 
negligible  at  low  excitation  and  the  lifetime  is  the  reciprocal  sum  of  Xns  and  Xc- 
At  higher  excitation  the  final  term  saturates  and  the  lifetime  becomes  Xns- 
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becomes  xns-  Under  conductivity  modulation  (p=Ap=An),  the  lifetime  becomes 
the  reciprocal  sum  of  (BAn)'l  and  Tns-  We  have  observed  this  behavior  in  the 
time  decay  of  the  samples  used  in  this  study  and  discussed  the  manifestations 
of  it  in  Section  IV.  The  task  we  face  here  is  to  decide  which  regime  to  use  to 
analyze  the  saturation  data  of  Table  3.  The  decays  of  samples  with  relatively 
short  minority  carrier  lifetimes  showed  no  evidence  of  a  fast  initial  component. 
The  lifetimes  of  all  samples  were  completely  saturated  at  the  maximum 
intensity  available  in  the  lifetime  measurement  and  were  independent  of 
intensity  over  a  factor  of  four  in  excitation  below  that.  We  assume  that 
measured  decay  time  in  these  cases  is  tire  appropriate  lifetime  to  use  in  this 
analysis.  We  recognize  that  the  radiative  component  may  become  important  at 
higher  excitations  near  the  point  of  absorption  saturation.  We  estimate  that  for 
a  free  carrier  concentration  of  An=  1017  cm'3  the  radiative  lifetime  will  be  of  die 
order  100-200  nsec.  This  is  based  on  our  observation  of  the  excitation 
dependence  of  the  time  decay  measured  on  very  long  lifetime  samples  and 
other  data  in  the  literature  Our  lifetimes  were  measured  with  an  impulse 
excitation  that  generates  approximately  1016  cm-3  carriers.  We  are  clearly  in  die 
regime  where  radiative  processes  may  be  important  in  the  determination  of  the 
saturation  intensity.  In  fact,  for  very'  efficient  materials  (i.e.  Tns  >>  (BAn)~J). 

photon  reabsorption  may  artificially  lengthen  the  lifetime  and  lower  the 
saturation  intensity. 

The  long  minority  carrier  lifetimes  we  measure  in  this  study  result  in  diffusion 
lengths  comparable  to  the  effective  spot  diameters  used  in  the  saturation 
measurements.  Recent  work  by  Olsson  et  ai.  23  suggests  that  the  effective  spot 
size  must  be  corrected  to  include  the  outdiffusion  of  carriers.  The  effective 
saturation  intensity  is  then  calculated  from: 

Jeff  -  Ps  /  (4jcDt  +  ASpot)  (S) 

where  Ps  is  the  saturation  power.  This  correction  has  the  effect  of  increasing 
the  spot  size  dramatically  for  the  sample  with  the  longest  lifetime.  We  have 
used  a  diffusion  constant  D  =  17  cm^/sec  23  to  account  for  ambipolar  diffusion 
of  the  carriers.  The  corrected  saturation  intensities  are  shown  in  Table  3.  These 
data  show  that  very  low  saturation  intensities  are  possible  at  the  peak  of  the 
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exciton  resonance  if  suitable  carrier  confinement  can  be  included  in  the  device 
structure. 


Saturation  Density  and  Exciton  Radius 

Based  on  the  measured  saturation  intensities,  measured  lifetimes  and  measured 
absorption  coefficients  we  can  calculate  the  saturation  density  of  carriers 
defined  bv  : 


ns 


Is?  cdds) 
hv 


(9) 


Tne  saturation  density  ns  is  the  density  of  photogenerated  carriers  that  reduces 
lire  excitonic  component  of  the  absorption  coefficient  to  one  half  of  its  low 
intensity  value.  Fig.  13a  shows  the  dependence  of  ns  upon  well  width.  Tne 

_  o 

saturation  density  shows  a  broad  maximum  in  the  range  Lz  =  100A.  We 
believe  the  apparrent  maximum  is  shifted  to  larger  well  w  id  tits  by  the  data  point 
at  133A.  This  sample  is  believed  to  have  spuriously  high  saturation  intensity.  It 
is  the  only  sample  that  exhibited  a  smaller  minority  earner  lifetime  in  the 
fabricated  absorption  sample  titan  in  the  bulk  sample.  In  addition,  the  measured 
lifetime  of  the  absorption  sample  does  not  follow  the  trend  observed  in  the 
other  samples.  On  the  other  hand  no  visble  physical  damage  is  present  and  we 
have  included  the  sample  data  for  completeness.  In  view  of  these 
considerations,  we  believe  that  the  maximum  saturation  density  is  near 
Ly  =7 5 A.  litis  can  be  understood  if  we  realize  that: 


Ac.xLz  -  l/2ns 


(10) 


r. 


r 


►  *. 


The  exciton  radius  calculated  from  (10)  by  assuming  rexc  =  (Aexc''")1-  is 
plotted  in  Fig.  13b.  Note  that  rexc  reaches  a  minimum  near  Lz  =75 A  and 
increases  on  either  side.  This  behavior  is  a  reflection  of  the  increased 
confinement  of  the  exciton  as  the  well  is  decreased  up  to  the  point  that  the 
wax  e  functions  of  the  carriers  begin  to  significantly  overlap  the  barrier  regions. 

o 

'1  'iiis  is  expected  to  occur  in  the  range  Lz=  75A.  It  must  be  pointed  out  that 
although  the  exciton  is  not  spherically  symmetric  ~4,  its  dimension  along  the 
layers  also  contracts  as  the  transverse  dimension  is  increasingly  confined.  The 
quantitv  Acx  increases  with  decreasing  well  width  for  samples  with  the 
smallest  well  widths  while  Lz  decreases.  As  a  result,  the  saturation  density,  ns. 


A aril  inear  Absorption  of  MQW’s 


Lee,  et.  al. 


16 

proportional  to  ( Acx  L,)-1.  is  weakly  dependent  upon  the  well  width.  For  the 
widest  wells,  Acx'  1 ,  Lx'1,  and  n...  are  all  small. 

VII.  Alternate  Structure  for  Photonic  Switches 


A  major  technological  difficulty  in  the  fabrication  of  arrays  of  photonic 
switches  in  the  AlGaAs/  GaAs  system  is  the  opacity  of  the  GaAs  substrate. 
Jewel  et  al.  --  and  Boyd  et  al.  ~b  ha\'e  demonstrated  photonic  switches  that 
contain  internal  mirrors  based  on  epitaxial  Bragg  reflectors.  Fig  14  shows  the 
reflection  spectrum  of  one  such  reflector  grown  by  MOCVD.  lire  layer 
thickness  of  this  structure  was  chosen  to  maximize  the  reflectance  in  the 
spectral  region  near  the  excitonic  resonances  in  GaAs  quantum  wells.  Note  that 

c 

this  reflector  has  a  600A  bandwidth  and  a  maximum  reflectivity  of  0.96.  The 
structure  contains  30  periods  of  AlAs'Alo.yGaq.sAs  each  layer  being  a  quarter 


wavelength  thick.  The  use  of  such  a  high  reflectivity  mirror  isolates  the  device 
from  the  substrate  and  provides  a  double  pass  through  the  active  region.  This 
has  been  put  to  use  in  reflective  modulator  devices  to  improve  the  contrast  ratio 
-A  The  major  difficulty  with  this  approach  is  the  resultant  requirement  to  use 
the  device  in  a  reflective  mode. 


We  have  recently  demonstrated  an  alternate  approach  to  photonic  switch 
technology  by  the  growth  of  AlGaAs/  GaAs  MQW  structures  on  transparent 
GaP  substrates  21 .  The  large  lattice  mismatch  of  the  substrate  and  the  active 
layers  has  been  accommodated  by  interposing  a  GaAso,6Po. 4  buffer  layer 
between  the  active  region  and  the  GaP  transparent  substrate.  The  resultant 
MQW  structures  show  a  high  degreee  of  structural  perfection,  smooth  layer 
morphology  and  a  well  resolved  excitonic  resonance.  These  structures  exhibit 
very  high  saturation  intensities  and  are  likely  not  suitable  for  use  as  nonlinear 
optical  materials.  However,  they  can  be  incorporated  into  PIN 
electroabsorption  modulators  that  utilize  the  QCSE-G  The  absorption 
spectrum  of  one  such  modulator  is  shown  in  Fig  15  at  various  applied 
voltages.  Note  the  shift  of  the  resonance  to  lower  energy  that  is  characteristic 
of  the  quantum  confined  Stark  effect  7.  Tie  energy  shifts  observed  in  this 
modulator  compare  favorably  with  results  obtain  on  GaAs  substrates. 


VIII  Discussion  and  Conclusions 
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We  have  reported  the  dependence  of  the  nonlinear  absorption  coefficient  in 
AIGaAs/GaAs  multiple  quantum  wells  grown  by  MOCVD.  ITte  results 
presented  clearly  show  that  MOCVD  is  a  suitable  technique  for  the  growth  of 
these  nonlinear  materials.  In  fact  the  low  saturation  intensities  we  base 
observed  promise  to  open  new  applications  for  these  materials  in  nonlinear 
waveguide  switches  that  do  not  rely  upon  a  high  density  of  switches.  In 
particular  we  have  demonstrated  that  the  saturation  intensity  of  MOCVD  grown 
materials  are  currently  controlled  by  the  minority  carrier  lifetime  in  the  materials 


and  to  some  extent  by  the  quantum  well  structure  chosen.  Even  though  the 
saturation  intensities  fertile  heavy  hole  resonance  of  AlGaAs, GaAs  MQW's 


demonstrated  in  this  paper  are  among  the  lowest  ever  reported  for  this  materials 
system,  the  systematic  dependence  of  this  quantity  as  a  function  of  the  well 
width  suggests  that  fine  tuning  of  the  quantum  well  design  can  improve  the 
performance  of  these  materials.  In  particular,  it  appears  that  the  saturation 
intensity  in  the  samples  investigated  to  date  decreases  with  increasing  well 
width  larselv  because  the  mi  nor;  tv  carrier  lifetime  increases.  The  dependence 
of  1  on  well  width  is  not  thought  to  be  fundamental  but  rather  a  result  of  the 


quality  of  Lite  AlGaAs  barrier  layers  presently  available.  In  this  context  it  is 
perhaps  not  surprising  that  InP/InGaAs  MQW  samples  have  exhibited 
somewhat  lower  saturation  intensities  Two  key  points  in  assessing  the 
minimum  possible  saturation  intensity  are  related  to  the  minority  carrier 
lifetime.  First,  longer  minority  carrier  lifetime  causes  more  lateral  diffusion  of 


the  photoexcited  carriers  that  affects  the  apparent  saturation  intensity.  In  quasi- 
CW  applications  this  suggests  that  some  form  of  lateral  carrier  confining 
structure  will  be  necessary  to  obtain  optimum  performance.  For  short  pulse 
applications  the  relevant  quantity  is  the  saturation  energy  licence.  This 
quantity  is  plotted  in  Fig.  16.  Note  that  the  saturation  energy  Hue  nee  has  a 
maximum  near  a  well  width  ol  75A.The  exciton  radius  is  a  minimum  and.  us  a 
result,  the  saturation  density  is  a  maximum  in  this  region.  It  i>  thus  advisable 
to  design  nonlinear  materials  with  Lz  away  from  this  maximum  for  short  pulse 


applications. 


The  second  point  to  be  made  is  that  radiative  processes  have  been  largely 
ignored  in  the  analysis  of  saturation  intensities.  As  the  quality  of  AlGaAs 
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improves.  MQ\V">  are  less  likely  10  be  limited  by  ihe  AlGaAs  quality  and  the 
minority  carrier  lifetime  will  ultimately  be  limited  by  the  radiative  processes.  At 
present  little  is  known  experiment!)  of  the  radiative  recombination  coefficient. 
B.  in  MQW  structures.  As  the  quality  of  these  structures  improves  knowledge 
of  this  parameter  increases  in  importance. 

The  technology  of  photonic  switch  arrays  has  been  complicated  by  the 
necessity  of  using  opaque  GaAs  substrates  on  which  to  grow  the  MQW 
epitaxial  structures.  Selective  removal  of  the  substrate  requires  the  use  of  a 
fragile,  thinned  substrate  of  an  already  brittle  material.  This,  in  turn,  will 
ultimately  limit  the  size  of  arrays  usable  in  photonic  switches  and  increase  their 
cost.  The  use  of  a  transparent  substrate  such  as  GaP  or  sapphire  may  alleviate 
tit  is  difficulty.  'lire  encouraging  electroabsorption  results  we  have  observed  in 
MQW  structure  grown  on  GaP  strongly  suggest  that  this  approach  will  play  an 
important  role  should  die  technology  of  AlGaAs.  GaAs  MQW  optoelectronic 
switches  be  incorporated  into  practical  systems.  The  success  of  tills  approach 
and  the  availability  of  high  reflectivity  Bragg  reflectors  gives  the  system 
designer  a  greater  measure  of  flexibility  in  the  design  of  the  system 
configuration. 
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Table  1  -  Characteristics  of  MQW  Structures 


Sample  n 

V 158 

V  159 

V  160 

V  136 

Growth  Temp  (°C) 

650 

700 

750 

750 

Background  Carrier 
Concentration  (cm'-') 

6xl014 

4x10^6 

Number  of  Periods 

61 

61 

61 

51 

Weil  Thickness  (A) 

100 

100 

100 

100 

Barrier  Thickness  (A) 

100 

100 

100 

100 

A’.  Composition 

0.32 

0.32 

0.32 

0.32 

-ah  (eV) 

1.4571 

1.4553 

1.4588 

1.4588 

Elh  (eV) 

1.4659 

1 .4663 

FWHM  (meV) 

15.4 

18.8 

20.8 

>20 
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Table  2  -  Characteristics 
Widths. 

of  MQW 

Structures 

with  Different 

Well 

Sample  # 

238 

237 

240 

236 

239 

Well  Width  (A) 

54 

72 

102 

133 

193 

-  of  Periods 

100 

67 

50 

33 

20 

GaAs  Active  Layer 
Thickness  (jam) 

0.54 

0.48 

0.51 

0.44 

0.39 

A!  Composition 

0.32 

0.32 

0.32 

0.32 

0.32 

Barrier  Thickness  (A) 

150 

100 

100 

100 

100 
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Table  3  -  Summary 

of  Nonlinear  Optical 

Properti 

es  of  MOW 

samples  with  Different  Well 

Widths. 

Sample  “ 

238 

237 

240 

236 

Well  Thickness  (A) 

54 

72 

102 

133 

Minority  Carrier 

Lifetime  (nsec) 

59.5 

68.7 

205 

63.8 

khh  (nm) 

825 

839 

854 

862.5 

Mh  (nm) 

815 

829.5 

kc  (nm) 

797 

810 

831 

860 

“hh  (^im‘1) 

1.74 

1.41 

1.32 

0.77 

br;  , 

“hit  > 

1.16 

l."4 

1.1S 

1.14 

ex  . , 

a,,  (pm  *) 

0.767 

1.06 

i  i  1 

bg  ,  1 

&l  (urn  *) 

Jll 

1.90 

1.65 

ex  i, 

acon 

0.0 

.15 

0.31 

0.35 

“con  (•um"1) 

2.35 

1.96 

0.71 

1.24 

Saturation  Intensities 

below  measured  in  kW, 

cm- . 

ex 

Isathh  (nreasured) 

0.321 

0.960 

0.304 

0.697  ( 

,  ex  , 

I  sat  h  h  (corr.) 

0.062 

0.074 

0.020 

0.128  C 

i  b  2  , 

I  s a t h  h  (e'orr.) 

3.1 1 

26.4 

9.00 

10.1  1 

I  s  a  t  ^  ^  (cerr.) 

0.065 

0.197 

.  b  a 

Isatjh  (corr.) 

3.19 

19  3 

C  X 

Isatcon  fcorr) 

0.012 

0.10 

0.19  ( 

’satjn  (corr-) 

10.3 

26.4 

3.88 

9.67  1 
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I  ig.  1  Schematic  drawing  of  typical  MOW  nonlinear  optical  sample. 

l  ie.  2  Room  temperature  photoiuminescence  spectra  of  MOW  samples  with  100 A  well 
w  idths  grown  at  650  C.  700  C,  and  750  C.  Note  the  presence  of  die  peaks  dee  to 
n  1  light  and  heavy  hole  transitions. 

hie.  3  Loss  resolution  room  temperature  absorption  spectra  of  three  MOW  samples  with 
KX).\  well  widths  grown  at  different  temperatures.  Sample  V13ti  was  grown  usmg 
a  tow  purity  trimethy  lgallium  source. 

hie.  4  Room  temperature  photoiuminescence  spectra  of  five  MQW  samples  with  dhferent 
w  ell  w  idths.  The  various  confined  state  transitions  are  labeled. 

h'ig.  5  Room  temperature  linearabsorption  spectra  of  five  MQW  samples  with  different 
well  widths. 

h'ig.  6  Room  temperature  photoiuminescence  time  decays  of  the  three  MQW  samples  4 
h'ig.  2.  The  decays  were  recorded  with  an  excitation  intensity  of  50  W  cm-.  The 
excitation  source  was  emitting  at  1.59  eV. 

Fig.  7  (ai  The  transmission  spectra  of  the  sample  w  ith  72 A  well  w  idth  at  various 

measurement  intensities.  Note  the  presence  of  Fabry- Perot  resonance  minima  a: 
822  mr.  and  855  rim.  The  spectra  were  taken  at  intensities  of  a)  26.  bl  520,  c!  2 6  '■  i 
and  d)  16.500  W  eir.-. 

tb)  The  absorption  spectra  corresponding  to  (a)  after  correcting  fi  r  die  reflect:',  the  - 
of  front  and  back  surfaces  and  Pabry-Perot  effects. 

Pig.  S  (a)  The  absorption  spectrum  of  sample  VI 5  8  at  various  excitation  intensities. 

(b )  The  excitation  dependence  of  the  heavy  hole  resonance  absorption  for  sample 
V 158.  The  solid  curves  show  the  excitation  dependence  of  the  excitonic  and 
background  components  of  the  absorption.  The  saturation  intensity  of  the  excitonic 
component  is  250  W.cm-. 

Pig.  9  The  experimental  behavior  of  the  heavy  hole  resonance  absorption  coefficient  as  a 
function  of  excitation  intensity  for  four  MQW  samples  with  various  well  widths. 
The  solid  curves  are  the  theoretical  fits  to  the  experimental  data  showing  two 
components  of  absorption.  The  horizontal  axis  displays  the  logarithm  of  in  tens  ip.  in 

units  of  kW.cm-  and  the  vertical  absorption  axis  is  in  units  of 

Pig.  10  The  absorption  coefficient  (a)  at  the  light  hole  resonance  and  (hj  in  the  continuum 
states  as  a  function  of  excitation  for  an  MQW  sample  with  54  A  well  w  idths. 

IT:.  1  1  Curves  illustrating  the  procedure  for  determining  die  curve  fit  parameters  for  the 

absorption  saturation  curves.  Hie  procedure  is  illustrated  lor  the  MQW  sample  w  m 
102A  wide  wells. 

1  :g.  1  2  The  dependence  of  the  uiwaturated  heavy  hole  exciton  absorption  coefficient  to  a 
function  of  the  well  width.  1  ...  The  solid  curve  shows  a  l.z~'  dependence. 
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Pig. !  ?  Hcpcndjr.cc  of  the  (a)  saturation  earner  density. ns,  and  (b)  exciton  radius.  rex  .  as  a 
function  of  the  well  width. 

l  ie.  1-i  Reflectance  spectrum  of  a  ?0  period  Alp  'Gao  gAs/AlAs  3 race  reflector  grown  bv 
M(  X.AI). 

hie.!  5  Transmission  spectrum  of  AlGaAs.GaAs  N1QW  eiectroabsorption  modulator  grown 
on  GaP  at  various  applied  voltages. 

leg  1  >'  The  suiuration  energy  fluence,  Isr.  as  a  function  of  the  well  width  of  AlGaAs.GaAs 
MOWs 
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IV.  Growth  of  high  reflectivity  Bragg  reflectors  and  the 
electroabsorption  of  MQWs  grown  on  GaP  substrates. 

To  obviate  the  need  for  removing  the  GaAs  substrate  when  implementing  arrays 
of  chotcnic  switches,  we  have  investigated  the  use  of  novel  materials  structures 
mat  rely  upon  the  unicue  characteristics  of  MOCVD.  The  first  of  these  is  the  DBR 
reflector.  This  is  a  multilayer  stack  of  quarter  wavelength  layers  that  alternate  in 
composition  and,  thus,  refractive  index.  Through  appropriate  choice  of  materials 
composition  it  is  possible  to  grow  multilayer  structure  with  exceedingly  high 
reflectivity  in  a  known  spectral  band  that  is  also  transparent  to  the  reflected  light. 
To  match  me  wavelengths  cf  light  suitable  for  MOW  application  we  have  chosen 
to  construct  cur  reflectors  from  AlAs  and  AIq  2Gao  gAs  multilayer  stacks.  Fig.  1 
sltcws  a  typical  reflectivity  spectrum  from  one  of  these  samples.  Several  have 
been  gracn  which  show  comparable  results  and  device  structures  have  been 
g^cwn  cn  fee  of  them  to  verify  that  the  surface  morphology  of  the  layers  was 
maintained.  These  structures  will  allow  us  to  fabricate  reflective  arrays  utilizing 
NLFP  or  hybrid  devices. 

Transmissive  devices  presently  require  the  removal  cf  the  GaAs  substrate.  We 
have  recently  demonstrated  the  growth  of  high  quality  MQVV  structures  cn 
transparent  GaP  substrates.  We  have  measured  the  nonlinear  absorption  in 
these  structures  and  found  them  to  be  exceedingly  high  (1C000  W/cm2)  ands 
unsuitable  for  NLFP  devices.  However  we  believe  that  these  structures  will  be 
of  great  benefit  in  the  fabrication  of  SEED  and  SEPT  device  structures.  The 
electroabsorption  properties  of  thes  structure  has  been  measured  and  is 
described  in  the  following  paper,  published  in  Applied  Physics  Letters  51,1582 
(1987). 
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I'lie  first  measurements  of  eleciroahsorptton  in  AlG.tAs  GaAs  multiple  quantum  wells  grown 
on  tr.msp.irem  ( iaP  substrates  are  reported.  High  quality  quantum  well  materials  with  sharp, 
well  defined  cxctlontc  resonances  are  crown  h\  employing  a  GaA'P  intermediate  layer  between 
the  uuatmun  w e!K  and  the  substrate.  Good  surface  morphology  and  abrupt  interfaces  have 
been  achieved  wait  etch  pa  densities  of  1  in'  cm  A  '.5-meV  shift  of  the  absorption  edge 
to  lower  enereies  ts  observed  tor  tick*  > . re  a  e  t  it  s  or  >  •  ]!V*  \  cm.  I  hese  structures  are  well 
suited  tor  photonic  switch  array  fabrication. 
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n „ - . nee  if  si  n  tie  e\c: tom e  absorption  at  room  tempera- 
v\ 'i •!* S'cri'C!!*  PIVPlT*  ''i  JULlIi* 

•  •'  arte.'  .art  ;'C  cit.mge  i  m  pit  i.  cxctlatt.  of  with 
_ -  *  r:  c  tt-.id.  i  t  at.  cieettie  field  applied  pc:Tc:ki:.itl..r 


.■  tetiti.il  barrier'.  \s  a  Consequence,  the  binding  .-net' 
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.  'Ml.  1  licit-speed  ‘nod  uLitofs  w  pi:  multiple  qt  an  tutu  w  eih 
Mt.tWs'  in  structures  have  been  reported.'  Optical 

.s'.ibtttty  and  O'Ctiia'.ton  have  beet;  achieved  if.  'cif-electro- 
;■•.:  ctl'cc;  devices  SHHD's  in  which  a  coupled  tr.oduia- 
t  and  photodetector  interact  through  external  electronic 
a.  1.  circuits  The  crucial  step  for  making  these  devices 
is  t  eti'itre  'It. it  light  w ill  ottiy  experience  the  :t.  iilm- 
■  r m  and  will  not  be  absorbed  by  the  opaque  (i.tAs 
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In  this  letter,  we  describe  the  fabrication  of  high  quality 


m  \s  ( i.tAs  multiple  quantum  weii  structures  on  tratis- 
p.nt  fi.il’  substrates  that  obviate  the  need  to  remove  the 
p  strate  and  thus  can  potentially  support  the  fahrieatioii  of 
tree  area  airuys  of  photonte  switches.  We  further  demon 
tte  elect roabst irplion  effects  resulting  from  the  Ot.  SI.  in 
■  materials  that  are  suitable  for  the  fabrication  of  pito- 
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o.c  region.  The  *:gure  also 
:  increased  b\  a  factor  of  2.5 
absorbance  was  normalized 
the  sample  at  zero  field.  The 
:  in  these  samples  is  compar- 


suhstratos  l:-'i  a-e  as  active  materials  ui  bistable  .-.ptoeiev- 
ironic  dev k es  such  as  the  SEED,  a  decrease  :n  absorption 
with  :ncr easing  volt. tee  :s  necessary  Tins  is  expected  at 
hieher  voltages  or  at  siiorter  wavelengths. 

In  conclusion,  we  have  suceessfullv  grown  high  quaiitv 
M(HV>  on  a  GaP  transparent  substrate  with  a  single  step 
Ga  A  si’  butler  lav  or  1  he  eieetroarsorption  observed  in  these 
samples  >  similar  to  that  of  samples  grown  on  GaAs  sub¬ 
strates.'  suagestir.e  that  these  structures  will  be  an  attracti' e 
alternative  to  the  current  practice  of  removing  the  GaAs 
substrate  and  should  have  significant  impact  on  the  fabrica¬ 
tion  of  large  area  arrays  of  photonic  switches  in  the  future. 
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support  'f  this  work. 
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V.  Implications  of  our  research  for  optical  computing  applications. 


The  use  of  exciicn  resonance  in  MQW  for  an  optical  logic  or  switching  devices 
means  that  a  large  nonlinear  refractive  index  occurs  because  of  a  large  amount 
of  saturable  absorption.  We  have  found  that  at  modest  power  levels  there 
remains  a  relatively  large  amount  of  unsaturated  absorption.  It  is  the  purpose  of 
this  section  to  consider  the  trade-off  in  performance  between  the  size  of  the 
index  change  and  the  unsaturated  absorption.  We  will  design  an  nonlinear 
Fabry-Perot  interferometer  working  on  the  exciton  resonance,  where  the 
switching  intensities  are  the  lowest.  Our  design  is  based  on  the  measured 
performance  of  MOCVD  quantum  wells.  We  will  show  that  operation  in 
reflection  provides  high  contrast,  low  threshold,  low  loss  operation.  Conversely, 
operation  in  transmission  is  prohibitively  lossy  in  the  low  threshold  regime.  This 
is  a  new  result  and  has  profound  implications  in  design  of  future  devices. 

Material  oerformance. 


Figure  2a  shows  the  change  in  measured  absorption  with  varying  input 
intensities  as  a  function  of  wavelength  within  a  MQW  of  well-width  100  A. 
Figure  2b  shows  the  related  change  in  refractive  index  at  the  same  intensity 
levels  as  a  fuction  of  wavelength.  This  curve  was  generated  by  using  the 
Kramer's  Kronig  relation  between  the  change  in  index  of  refraction  An(E)  and 
the  corresponding  absorption  change  Aa(E'): 


An(E)  =  (0) 


Aa(E')dE' 
[E2  -  E-2] 


where  E'  denotes  the  photon  energy  at  which  the  absorption  change  Aa  is 
measured,  E  represents  the  photon  energy  at  which  the  change  in  refractive 
index  An  is  determined  and  P  indicates  that  the  integral  is  a  Cauchy  Principal 
Valve. 
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To  use  this  relation,  we  found  it  necessary  to  convert  a  discrete  set  of  measured 
points  Aa(E'j)  into  a  continuous  set  by  linear  interpolation  to  avoid  problems  of 
convergence.  We  were  then  able  to  analytically  integrate  between  the 
measured  points.  Using  this  method,  the  Kramers-Kronig  relation  becomes 

n  Ej+i 

oh  f  (mj  E  +  bi)  dE' 


where 


Accj+i  -  Acg 
E’j  +  i  -  E'j 


bi  =  Aa,  -  mj  E'j 


In  this  expression,  E  is  the  photon  energy  at  which  we  calculate  An,  Aoq  is  the  ith 
absorption  change  measurement,  made  at  photon  energy  E'j,  and  mj  and  bj  are 
the  slope  and  horizontal  intercept  respectively  of  the  line  between  Aaj  and 

Acxj  +i. 

The  integral  can  be  evaluated  analytically  to  obtain: 

mj  ,  I  E j  + 1 2  -  E2  I  b,  ,  1  ( E j  4- 1  -  E)(Ej  +  E)  1  - 


71-  2  1  E^  -  Ejz  1  ’  2E  1  (Ei  +  i  +  E)(Ei  -  E)  '■ 

The  parameter  which  is  of  physical  importance  in  device  design  for  the 
nonlinear  Fabry-Perot  (NLFP)  is  the  ratio  of  the  index  change  to  absorption 
change,  as  will  be  shown  later.  This  ratio,  calculated  from  experimental  results, 
is  shown  in  Figure  3. 

Existence  of  Two  Saturation  Intensities 


What  is  notable  to  the  understanding  of  the  use  of  the  MQW  in  a  NLFP  is  the  fact 
that  there  are  two  satuaration  intensities.  This  can  be  inferred  from  Figures  2 
and  3.  At  incident  power  levels  as  low  as  250  W/cm2,  it  can  be  seen  that  the 
exciton  saturates.  That  is,  its  absorption  changes  from  2.8x104  cm'1  to  2.1x104 
cm1.  This  30%  change  in  absorption  is  not  sufficient  to  cause  any  useful 
devices  based  on  absorption  alone,  however,  at  this  same  power  level  of  250 
W/cm2,  the  induced  refractive  index  change  is  as  large  as  0.038.  This  induced 
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index  change  cannot  make  a  switching  device  because  of  the  large  unsaturated 
absorption  due  to  the  band-to-band  tails.  However,  we  will  show  that  it  is  not 
necessary  to  complete  saturate  the  band-tails  to  induce  switching.  In  fact,  we 
predict  switching  with  intensities  of  about  1000  W/cm2  when  operating  right  on 
the  exciton  resonance.  By  operating  a  NLFP  in  reflection,  we  find  that  excellent 
performance  for  optical  computers  can  be  attained. 

First,  however,  we  decided  to  investigate  how  to  engineer  a  MQW  with  the 
minimum  band  tail  absorption  in  the  presence  of  saturated  exciton  resonance. 
This  requires  understanding  the  relative  contributions  to  absortpion  from  the  two 
saturation  mechanisms.  In  Figure  4  we  show  a  careful  study  of  the  intensity 
dependence  of  the  saturation  energy,  measured  on  the  peak  of  the  exciton 
resonance  of  a  100A  well  sample.  It  can  be  seen  that  the  absorption  is 
composed  of  two  compnents,  that  from  the  exciton  resonance  and  that  from  the 
band  tail.  The  absorption  decreases  from  each  mechanism,  but  with  a  different 
saturation  intensity.  It  can  also  be  seen  that  the  contribution  from  each 
mechanism  is  initially  comparable.  At  an  intensity  of  1000  W/cm2  the  exciton 
has  almost  completely  bleached,  while  there  has  been  very  little  reduction  in 
the  band  edge  absorption. 

C.  Dependence  c n  Well  Width 

The  question  which  must  be  answered  for  device  applications  is  whether  there 
is  an  optimum  well  size  or  an  optimum  wavelength  at  which  the  bandedge 
absorption  is  minimized  in  the  presence  of  saturation  exciton.  For  this  reason 
we  undertook  a  study  of  various  well  sizes  and  various  excitation  wavelengths. 
The  results  are  summarized  in  Figure  5,  which  shows  linear  absorption 
measurements  of  these  various  wells  and  experimental  data  points  which 
indicate  the  relative  contribution  of  bandedge  absorption  and  the  exciton 
resonance. 

The  results  of  this  extensive  study  were  that  for  all  well  widths,  the  contributions 
to  saturable  absorption  from  exciton  bleaching  and  band  edge  absorption  are 
comparable.  We  also  found,  not  surprisingly,  that  the  ratio  was  largest  directly 
on  the  exciton  resonance. 
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The  bottom  line  of  this  study  is  that  at  exciton  bleaching  intensities  (-1000 
IV, cm2)  there  remains  roughly  50%  unsaturated  absorption.  However,  if  the 
intensity  is  increased  to  10,000  W/cm2,  even  the  band  edge  absorption  can  be 
bleached. 


D. 


The  Nonlinear  Fabry-Perot  Threshold 


Eecause  of  the  lower  saturation  intensity  of  the  exciton  feature,  we  were 
interested  in  exploring  the  operation  of  a  NLFP  in  the  presence  of  an  overall 
unsaturated  absorption.  This  loss  will  alter  the  performance  of  NLFP,  which 
must  be  properly  designed.  It  is  the  purpose  of  the  following  sections  to  show 
that  the  MQW's  we  have  measured  will  provided  a  low  threshold  NLFP, 
operating  in  reflection  with  excellent  characteristics  for  optical  computing. 

The  transmission  of  a  FP  in  the  presence  of  loss  can  be  written  as  [for  example, 
see  Craig  Poole's  Thesis,  USC.  1984] 


where 

/v 

*’■.  .* 

(4) 

•J 

with 

• 

(5) 

T 


F  = 


B 


1  +Fsin2o 


(3) 


4FL 


P-Rel: 


and  B  = 


e-°L(lRB)  (1-Rf) 
(1-Re)2 


Re  =  (RFRb)1,2  exp(-cxL). 


Note  that  neither  F  nor  B  depends  on  the  order  of  the  two  reflectivities;  that  is 
whether,  the  large  or  small  refractive  index  comes  first.  Note  also  that  F  does 
net  depend  on  whether  the  two  relfectivities  are  equal.  It  depends  only  on  the 
effective  reflectivity,  Re.  In  the  absence  of  loss,  B  =  1  and  the  on-resonance 
trasmission  is  100%.  When  loss  is  present,  the  on-resonance  transmission 
drops.  The  introduction  of  loss  also  decreases  the  fraction  F  through  the 
effective  reflectivity, 
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The  switching  threshold  in  the  presence  of  loss  can  be  most  easily  seen  by 
considering  the  graphical  demonstration  of  the  threshold  for  nonlinear  switching 
(Figure  5),  which  plots  the  relation  between  the  input  and  output  light  intensities, 


I  out/I  in  =  T  (o),  (6) 

where  o  is  half  the  round-trip  phase  change  within  the  cavity.  For  arbitrary 
intensity-indued  refractive  index  change,  An,  we  write. 

Ao  =  An  (lCav)ciz.  (7) 

The  index  change  An  is  expressed  in  terms  of  the  intensity  inside  the  Fabry- 
Perct  cavity,  lcav,  which  is,  in  general,  a  function  of  positon  z  within  the  FP, 
which  we  will  measure  from  the  output  facet.  The  cavity  intensity  is  related  to 
the  output  intensity  through, 


where 


^cav  (z)  -  C(z)I  out' 


C  (z) 


eaz  +  Rb  e-az 

- PRb - 


(8) 


The  expression  for  C  was  fouund  by  adding  forward  and  backward  travelling 
waves  inside  the  cavity  and  ignoring  standing  wave  effects.  When  there  is  no 
less,  C  =  (1  +  Rb)/(1-4b). 

When  the  phase  depends  linearly  on  itensity  and  An  -  n2l,  the  round-trip  phase 
change  can  be  determined  by  a  simple  average,  and 

o  =  n2  (Jcav)kL  =  DI  out>  (9) 

where 

r.  -  eaL-1  +Rb(1  -e'aL) ,  (1-e-flL)  (RRe-«L+l)e«L 

u  =  n2  - k  =  n2  - - — 2 - - -  k 

u(1-Rb)  (I-Rb)cx 

When  the  propagation  loss  a.L  is  much  less  than  the  reflection  loss,  1-Rb, 
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Figure  6  shows  graphical  plots  of  equation  (6),  which  the  right  hand  side  is  the 
transmission  as  a  function  of  o  and  the  left  hand  side  is  a  straight  line  of  slope 
1  D I m .  Figure  5a  shows  four  examples:  a)  at  low  intensity  (large  slope),  in 
which  there  is  only  one  intersection;  b)at  critical  intensity,  so  that  the  slope  of 
the  straight  line  matches  that  of  the  FP  transmission;  c)at  higher  intensity,  in 
which  there  are  two  stable  intersections  (the  region  of  bistability);  d)  at  highest 
critical  intensity,  which  is  the  threshold  for  the  switching  from  the  low  to  high 
transmission  state.  This  critical  intensity  is  the  threshold  for  optical  bistability. 


E.  Requirements  to  achieve  nonlinear  switching. 


There  is  a  minimum  critical  intensity  below  which  switching  is  impossible.  This 
occurs  at  a  particular  round-trip  phase  bias,  ob,  as  can  be  seen  geometrically  in 
Figure  5b.  This  bias  ensures  that  the  slope  of  the  straight  line  intersects  the 
transmission  curve  at  the  point  of  its  maximum  slope.  From  the  figure  it  can  be 
see  that  to  have  nonlinear  switching,  we  must  be  able  to  change  the  round  trip 
ohase  change  Aoc  by  an  amount  roughly  equal  to  the  half-width  of  the 
transmission  resonance.  When  the  finesse  is  reasonably  large,  this  width  is 
given  by 


AOw 


_  K _ 1_ 

=  21  =  %rF 


(11) 


where  f 


2k 


s  the  fineese,  defined  by  f  =  -p-. 


This  will  occur  at  a  zero-intensity  bias 


phase  for  the  FP  of  obo 


K 


The  critical  phase  change  can  be  re-expressed  in  terms  of  a  critical  average 
index  change  within  the  etalon,  oc  -  (An)c  kL.  We  write 

(An)c  =  (12) 

Thus  we  minimize  the  required  index  change  by  maximizing 


L\F  = 


2  VRe  L 

1  -  HP 
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Clearly  this  is  maximized  by  maximizing  Re.  From  equ.  4,  it  can  be  seen  that  FL 
is  maximized  for  maximum  RfFb  and  minimum  loss.  Defining  Rp  =  1-Tp  and  FT; 
=  1-Tb.  and  expanding  square  roots  and  exponentials  in  Taylor  ser.es 
(assuming  small  loss), 

1  -  Re  =  (Tb  +  Tf)  /2  +  cxL. 

Defining  a  parameter  u  such  that  (Tb  +  Tf)  =  2  uaL.  we  may  write 

•,  F  L  =  — - - 

«(1  -hi) 

Pluacmc  twe  ecuaticn  0  4),  we  find  a  condition  on  An/a  to  observe  switch! na : 


'AnVn  1  ,  ,  A, 

=  puO  +  U)  =—(1+p). 
a  Art 


Equation  it 3'  ;s  a  universal  equation,  valid  in  th  elimit  of  small  loss,  indicating 
whether  op'Cal  bistability  is  achievable  in  a  given  nonlinear  medium.  The 
importance  of  this  equation  is  that  we  can  then  tell  immediately  from  the  data 
under  what  conditions  the  MWQ  will  be  able  to  show  optical  bistabiliity.  For  /.  = 
0.83um,  the  data  in  figures  1  and  2  can  be  interpreted  to  show  that  the  minimum 
cavity  intensity  for  optical  bistability  in  the  limit  that  the  material  loss  is 
comparable  to  the  reflectivity  loss  (p  ~  1),  is  approximately  1000  W/cm2.  Under 
these  condition.  An  ~  -0.09  and  a  ~  6000  cm-1. 

Minimization  of  Innut  Intensity  to  Observe  Bistabilit 


As  long  as  the  conditions  of  equation  13  are  met  by  the  nonlinear  medium, 
bistability  is  possible.  Let  us  consider  how  to  design  the  cavity  to  minimize  the 
input  intensity  into  the  NLFP  to  create  switching.  It  will  be  most  convenient  to 
study  the  reflectivity  of  the  FP: 


Rfp  = 


E  +  Rsin2Ao 
1  +  Rsin2.\o 


Here  F  is  the  same  as  before  and 
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^  s 


_  (Rf-FV)- 
"  RFlI-Re)2 

It  can  be  seen  that  when  E  =  0,  the  minimum  reflectivity  -  0.  This  will  keep  as 
much  intensity  inside  the  FP  as  possible  and  available  for  switching.  Tms 
means  that  for  the  lowest  input  switching  intensity  we  require. 

Rp  -  Re'  or  Rp  =  Rg  exp  (-2cxL). 


In  order  to  calculate  the  required  incident  intensity,  we  notice  from  Figure  5  the 

3B  ^ 

the  transmission  at  minimum  switchina  threshold  equals  —  This  mean  tnat 


=  ^  I 


This  expression  allows  us  to  relate  the  input  intensity  to  the  phase  changu 
within  the  cavity  at  switching  through  equation  (9): 


o  =  [>^lin'  which  we  set  = 


This  means 


4  1 

in’m  "  3B  d-;f 


( 1  ~e)gn*~ 


'm.  m  - 


3n:k  \  Re(1  -RF)(eoL+RB)(1 


For  any  given  loss,  aL,  we  would  like  the  back  reflectivity  to  be  as  lame  a: 
possible,  since  (1-Rg  e'2aL)  is  as  small  as  possible  for  Rg  =  1 .  In  practice  w< 
are  I, rnited  to  a  finite  reflectivity  Rg.  We  must  choose  the  length  L  so  that  ai 
gives  optimum  performance.  Here  we  assume  Rg  nd  a  are  given  and  w< 
calculate  L.  Looking  at  the  variation  in  the  above  expression,  it  can  be  sec 
that  the  largest  dependence  is  in  the  factor 
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kN  V"  *  *  ■**  /■■»* 


'--.v. ■<  ■.  -u  f,  ■ 


Assuming  R3  is  given,  we  set  the  differential  cf  this  expression  equal  to  zero  tc 
obtain  a  condition  for  a  minimum  of  incident  intensity.  The  resuit  is 


e 


)■ 


In  the  limit  of  R  — *  1 ,  this  given  e  — >  1 .  Thus,  write  R  =  1  -£.  Then 


d-4£) 

(i-£) 


£ 

Expanding  in  a  Taylor  series,  in  the  limit  of  small  £,  A  =  1  -  —  •  That  is,  e  aL  =  1 


-£.2,  or  2al  =  1  -Rb.  Thus,  an  optimum  design  has  Re  =  1  -2«L,  Rf  =  Ree  '2:il  = 
1  -  4a L.  This  means  that  the  loss  in  a  round-trip  through  the  medium  equals  the 
loss  in  the  back  mirror.  The  loss  is  the  front  mirror  is  two  times  the  round-top 
loss. 


Inserting  this  cavity  design  into  the  required  threshold  intenity,  Eq  3.  unde-' 
condition  of  low-loss, 


a  4  k 

in,  m  =  (1  'Rb)  7TT 


root 


n2  3  7t 


The  incident  theshold  is  minimized  by  increasing  the  back  reflectivity  as  much 
as  possible.  To  compare  this  to  the  data  on  ,\n(l)  which  we  dete-mmec 
experimentally,  we  write 

<jclm  4). 

I  in.  m  =  ~  0'Rb)~ 

An  3n 

where  lm  is  the  intensity  at  which  An  </.  is  measured  Us.ng  the  v.t  .<• 

0  2pm.  and  the  fact  that  4a/-  -  1  pm,  a  refiectivty  cf  RB  -  jo  w  '  c  ve 


in.  m 


0.04  lm 


That  is,  if  we  assume  An  is  proportional  to  I,  the  incident  intensity  can  be  as 
small  as  4°c  of  the  intensity  at  which  the  value  of  An  u  -  0.2  pm  was  measure, 

G  Design  of  optimum  NLFB  based  on  MOW 

We  have  found  that  the  minimum  An/a  required  to  achieve  bistability  occurs  for 
m  (ratio  of  reflection  loss  to  round-trip  transmission  loss)  =  0.  However,  we  have 
seen  that  the  minimum  incident  intensity  occurs  for  p  =  3,  Optimium  peformance 
in  a  given  system  will  require  a  trade-off  between  these  two  extremes  of  cavity 
design. 

When  p  =  3  (the  condition  for  minimum  incident  intensity)  the  reqauired  An/a 
(from  equ.  13)  is  An/a  =  }Jk-  0.26um.  However,  from  the  data  of  Figure  1  and  2, 
the  nonlinear  index  is  not  linear  with  intensity.  This  means  thai  even  high  cavity 
intensities  will  not  necessarily  achieve  the  required  n2/a.  To  ensure  bistability, 
it  may  be  necessary  to  operate  in  the  regime  that  p<3.  This  will  lower  the 
finesse  and  raise  the  required  incident  intensity,  but  will  enssure  sufficient  cavity 
intensity  that  adequate  An/a  can  be  achieved. 

A  good  compromise  is  p  =  1.  This  means  we  require  An/a  =  >./2tt  =  0.13  pm, 
which  our  data  tells  us  is  achievable.  In  this  case  we  cooshe  Tb  -  Tp  =  2aL,  Rf 
=  Re  and  specify  Rg.  This  gives  the  cavity  design  shown  in  the  Table.  The 
incident  threshold  intensity  can  be  calculated  from  eq.  19;  or  in  the  low-loss 


2a  X  (TB  +  2aL)2 

—  Cm)" - -7 - 

3An  4  Jr  aL 


Here  we  express  the  incident  threshold  intensity  as  a  fraction  of  the  intensity 

urea  to  measure  < /..  \n. 


An  X 

■ : r  p>->  u  -1  case  considered  here,  we  require  —  =  tjp-.  Inserting  this  into  the 

(X  4 1 

xe  ecu  at  on. 
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(23) 


in,  m 


=  («c> 


(TB  +  2aL)2 
3aL 


where  lc  is  the  intensity  required  to  attain  An/a  =  XI 2tu  =  0.13.  Plugging  in 
numbers  from  the  experimental  data  for  the  75A  sample,  and  extrapolating 
between  measurements  at  400  and  2500  W/cm2,  we  determine  that  lc  =  1000 
W/cm2,  and  we  predict  a  threshold  of  between  100  and  200  W/cm2. 

Table  I.  Modelling  for  a  NLFP 

Case  I  (High  Reflectivity  Back  Mirror) 

Rg  =  0.98,  aL  -  0.05,  Rp  =  0.05,  Rf  =  9.92  !in,m  =  0.1 51 
Ijn.m  =  1 00  W/cm2,  Pm  =  =  0.6mW.  L  =  0.08  pm  =  800  A. 

Case  II  (Lower  Reflectivity  Back  Mirrorl 

Rg  =  0.95,  c/.L  =  0.1 ,  Rp  =  0.85.  I  =011. 

/in,  m  =  200  W/cm2,  PM  =  0. 1 2mW.  L  =  0. 1 67  um  =  1 670A. 

For  a  minimum  spot  size  of  25  pm  X  25  pm  (in  the  absence  of  diffusion),  the 
predicted  switching  intensity  gives  a  switching  power  of  0.6mW  per  pixel,  or  two 
orders  of  magnitude  lower  than  has  previously  been  observed. 

The  favorable  numbers  obtained  in  this  optimization  suggest  that  we  operate  in 
this  regime,  where  An/a  has  its  largest  value.  This  requires  the  use  of  very  thin 
cavities,  determined  from  the  small  values  of  cxL.  For  our  estimate  of  a  =  0.6  prm 
1  at  switching  threshold,  this  means  MQW  material  thickness  of  only  1000  A. 
This  length  indicated  here  is  that  of  the  quantum  wells  only,  each  typically  75  A 
thick,  so  that  the  optimized  NLFP  will  contain  only  ten  to  twenty  quantum  wells. 
When  the  thickness  of  100  A  cladding  per  quantum  well  is  included,  the  overall 
thickness  of  NLFP  will  be  on  the  order  of  2000  A  to  4000  A.  Why  bistability  has 
not  been  seen  previously  at  such  low  power  levels  as  we  predict  here  is  due  to 
the  fact  that  thin  enough  samples  have  not  been  investigated.  Growth  on 
reflective  or  transparent  substrates  will  allow  such  thin  samples  to  be  prepared 
easily. 
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Performance  of  NLFP 


We  will  show  that  when  optimized  for  switching  with  low  threshold,  the 
performance  of  the  NLFP  in  reflection  is  much  than  in  transmission.  This  is 
because  of  the  existence  of  substantial  losss  in  the  transmission  device.  We 
will  also  show  that  the  NLFP  in  reflection  has  an  output  of  almost  100%  and  an 
off-state  of  zero.  This  is  ideal  for  an  optical  computer. 

The  transmissive  FP  is  characterized  by  its  maximum  and  minimum 
transmission  (at  o  =  0  and  o  =  90"): 

T  max  =  B  T  min  =  (7+pJ- 

When  there  is  no  loss,  B  =  1  and  Tmax  =1.  Otherwise,  when  Rp  =  Re, 

„  (1-Rb)  e_aL 

B  "  - -  <24) 

For  small  less,  and  under  the  conditions  that  p  =  1 ,  we  may  write 

B  =  (25) 

2aL 

This  means  that,  for  our  two  cases  considered  above,  B  has  values  of  0.2  and 
0.25;  at  least  3/4  of  the  light  will  be  lost  to  absorption  when  the  FP  has  its 
maximum  transmission.  Any  attempt  to  reduce  the  loss  will  increase  the 
threshold  unacceptably.  Clearly  the  MQW  NLFP  in  transmission  is  not  a  useful 
device. 

However,  consider  the  NLFP  in  reflection.  In  this  case  the  relevant  requations 


=  E,  R 


E  +  F 


In  our  previous  analysis  we  have  chosen  Rf  =  Re  so  that  E  =  0.  This  means  that 
the  minimum  reflectivity  is  zero.  The  maximum  reflectivity  is 

R _ E _ L_ 

n  max  -  (i  +  F)  “  [1  +1/F]' 

As  before,  when  the  loss  is  small,  and  under  the  optimum  condiition,  1-Re  = 
2«L: 
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1  _  [1  -Reft]2 

F“  4KT„ 


Thus 


[1  +(aL)2 


The  result  cf  this  analysis  is  that  a  NLFP  used  in  reflection  has  a  maximum 
reflectivity  cf  almost  one  and  a  minimum  reflectivity  of  zero.  This  is  therefore 
much  more  practical  than  an  NLFP  used  in  transmission. 

L _ Conclusions 

It  can  be  seen  that  the  experimental  data  from  our  study  of  the  MOW  can  be 
used  to  design  a  NLFP  with  a  threshold  for  switching  of  only  0.6  mW  threshclc 
by  designing  a  thin  structure  only  ten  quantum  well  thick  and  operating  on  the 
peak  cf  n/u.  Under  these  conditions  the  reflective  NLFP  is  much  more  useful  for 
optical  computing  than  transmissive  NLFP's.  We  can  achieve  large  contrast 
ratio  with  high  output  in  the  high  state  as  well  as  low  threshold.  If  three-port 
devices  are  required  using  a  relfective  device,  these  may  include  two 
polarizations,  or  the  use  of  light  incident  at  small  angels.  What  is  required  in  the 
next  phase  of  this  study  is  a  more  complete  systems  study  of  the  use  of  NLFP's 
in  reflection. 

VI.  Summary  and  Recommendations 

The  work  described  in  this  report  represents  the  first  systematic  investigation  cf 
the  nonlinear  optical  properties  of  MQW  structures.  The  conclusions  of  section  V 
show  that  the  structures  investigated  here  will  be  useful  primarily  as  reflective 
modulators  with  extremely  high  contrast  ratio.  As  transmissive  medium  the 
MQW's  are  most  easily  used  as  the  active  element  in  SEED  or  other  hybrid 
optoelectronic  devices. 

The  study  we  have  completed  shows  also  that  MOCVD,  under  the  apprpriate 
growth  conditions,  is  a  most  suitable  growth  process  for  the  fabrication  cf 
nonlinear  MQW  structures.  Low  saturation  intensities  and  large  excitonic 
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absorption  is  attained  when  the  materials  are  grown  in  the  appropriate 
temperature  range.  Furthermore  the  technique  has  been  used  to  grown  two 
structure  that  allow  the  extension  of  MOW  structures  to  large  array  structures  by 
obviating  the  need  to  remove  the  substrate.  For  reflective  NLFP  or  hybrid 
devices,  we  have  demonstrated  that  high  reflectivity  Bragg  reflectors  can  be 
grown  and  incorporated  into  optical  structures.  We  have  also  demonstrated  the 
growth  of  high  optical  quality  MQW  structures  on  GaP  substrates  that  can  be 
mcorprated  into  hybrid  optoelectronic  devices. 

The  results  of  this  program  lead  to  three  main  recommendations  for  further 
study: 

(1)  Exploration  of  the  use  of  GaP  substrates  in  hybrid  optoelectronic 
devices  such  as  the  SEEd  and  SEPT  should  be  undertaken  with  the  goal  of 
fabricating  large  arrays  of  switches.  This  study  should  include  fundamental 
study  of  the  materials  issues  in  this  heteroepitaxial  system,  detailed  study  of  the 
effects  of  strain  on  the  relevant  optica!  properties,  and  device  studies  to  optimize 
a  hybrid  structure. 

(2)  Exploration  ot  the  use  of  reflective  NLFP,  in  optical  computing 
systems  and  the  fabrication  of  arrays  of  such  devices.  In  this  regard  we  expect 
that  other  structure  than  the  simple  MQW  deserves  exploration  to  achieve 
similar  Dn/a  at  lower  excitation. 

(3)  A  fundamental  study  of  the  band  edge  absorption  in  MQW  structures 
including  a  defailed  study  of  the  continuum  background  absorption  is  required 
to  determine  if  the  observations  of  this  work  and  others  in  the  literature  are 
general  and  fundamental.  This  study  may  allow  the  fabrication  of  high 
performance  transmissive  NLFP's  for  selected  applications. 


